Abstract-Reservoir computing is known as a recent training concept in machine learning. This method is particularly useful in solving a broad category of categorization and recognition problems. The aim of this paper is using photonic reservoir computing for noisy time series classification. A complex network of photonic crystal cavities is used for modeling photonic reservoir computing. Applying nanophotonic reservoir computing resulted in perfect (100%) recognition accuracy for noise-less time series classification, and an accuracy of about 98% for noisy time series, which shows improvement (an amount of 3%) compared to previous works.
I. INTRODUCTION
Reservoir computing is a newly proposed method [1]- [3] in the field of machine learning which is a recurrent neural network with sparse and random weights. As an instant, these networks are used in classification problems such as dynamic pattern recognition [3] , chaotic time series classification and recognition [4] , speech recognition [5] - [7] and noise modeling [4] .
Photonic reservoir computing is a platform for reservoir computing using photonics technology. A network of interconnected optical structures can outperform electronics in speed, bandwidth and power use [8] . A nanophotonic reservoir with coupled nonlinear photonic crystal cavities reveals a rich dynamical behavior and can be made use of to perform optical signal processing.
Due to unique nonlinear effects, small size, high speed and very low energy consumption, photonic crystal cavities are good candidates for all cases of optical reservoir computing. High Q-factor photonic crystal cavities enable greater interaction with the matter and result in more interesting dynamics. They can start to self-pulsate due to generation of free carriers and changing of the refract index [9] , [10] . Thereby we will demonstrate how these properties emulate the behavior of spiking neurons on a photonic chip [11] .
This paper aims to model reservoir computing scheme using photonic crystal cavities and also intends to study the function of this structure on noisy time series recognition. Section II below describes photonic reservoir computing in detail and demonstrates coupled mode theory (CMT) equations for modeling photonic crystal cavities as reservoir nodes. Time series categorization and obtained results will be discussed in Section III, and finally Section IV summarizes the main findings of this paper.
II. PHOTONIC RESERVOIR COMPUTING
Photonic reservoir computing is a photonic circuit which is a hardware implementation of reservoir networks. Nonlinear optical components provide a very energy-efficient and rich dynamic for classification and recognition problems.
Neural networks are an example of human computational power, and reservoir computing is a type of recurrent neural networks which avoids the problems of training weights [8] . In reservoir computing framework, a randomly fixed recurrent neural network that is left untrained is excited with an external stimulus. A nonlinear mapping of the input signal into a high dimensional feature space is essentially performed by the reservoir. The readout function maps the resulted feature space to the desired output by a simple linear regression function [12] . Fig. 1 shows the reservoir which consists of reservoir, readout and its input and output. Eq. 1 shows the reservoir dynamics: g indicates small signal gain [13] .
Since the training of weights is limited to the readout function, it is much simpler than that of other neural networks to have a hardware implementation of this structure. Nanophotonics provides us with some candidates for this purpose such as optical amplifiers [5] , [14] , lasers and photonic crystal cavities. Nonlinear characteristics, dynamic behavior, very energy efficient and high speed lend photonic crystal cavities a complex behavior for implementation of reservoir computing.
B. Photonic Crystal Cavities Simulation Model
CMT equations have been used for modeling photonic crystal cavities [10] , [11] . This model captures basic features such as the characteristic power of a cavity, carrier density, temperature, resonance frequency of the cavity, phase difference between two cavities and detuning from the resonant frequency.
The CMT equations are then [15] : Numerical methods such as Rung-Kutta4 can be used to solve the CMT equations. To obtain the steady state curves, we keep the input wavelength as fixed and put the derivative of Eq. 2 equal to zero, and then simply parameterize ∆T, N and P in as a function of 2 a . Table I shows the parameter values.
As shown in the results (Fig. 2 and Fig. 3) , the difference between slow heating effects and the fast free carrier dynamics causes self-pulsation (Fig. 2) and excitability (Fig.  3) in photonic crystal cavities. This nonlinear behavior suggests a network of photonic crystal cavities as a nanophotonic reservoir to perform optical signal processing. 
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III. TIME SERIES CLASSIFICATION
A simple but non-partial noisy signal classification task was used in the simulation as in previous works [16] , [17] . The time series have random switches between square and triangular wave forms. These two different time series were required to be classified and the output signal followed the inputs changes as fast as possible.
For better comparison, a reservoir with 25 nodes and waterfall topology [8] was drown on in experiments as used in earlier works [16] , [17] . Fig. 4a shows an example of time series with its desired output while Fig 4b demonstrates reservoir state vectors (output power of photonic crystal cavities) for this time series, and Fig. 4c shows the output results of the readout and the final output by applying the sign function.
The fraction of time in which the reservoir gives a correct classification is defined as recognition accuracy. Photonic reservoir computing with a network of photonic crystal cavities resulted in 100% recognition accuracy for noise-less time series. 
IV. NOISY TIME SERIES CLASSIFICATION
Noisy time series with different signal-to-noise ratios were used in this stage for classification. Fig. 5a shows an example of noisy time series with 20 db of signal-to-noise ratio and its desired output. Fig 5b shows reservoir state vectors and Fig.  5c demonstrates output results from the readout function. A White noise with different signal-to-noise ratios was used and the recognition accuracy was compared with previous works, as observed in Fig. 6 .
Small size, high speed and very low energy consumption caused photonic crystal cavities good candidates for modelling optical reservoir computing. High Q-factor photonic crystal cavities are self-pulsate and were investigated for hardware implementation of reservoir computing. In this paper a nanophotonic reservoir was drown on to perform optical signal processing. Unique nonlinear effects, The application of photonic crystal cavities as reservoir nodes resulted in perfect recognition accuracy for the time series without noise. For noisy time series with 20 to 60 db of signal-to-noise ratios the recognition accuracy varied between 99.82% to 100% which shows about 7% improvement over the previous work. These advantages suggested photonic reservoir computing with a network of photonic crystal cavities as a good candidate for other classification tasks and large signal processing, such as speech recognition. 
